Introduction

The common use of diffusing S-ducts in aircraft
inlets provides the motivation for exploring their flows.
For inlet applications the measure of duct performance is their ability to decelerate the flow to the desired velocity while maintaining high total pressure recovery and flow uniformity at the engine face. Reduced total pressure recovery lowers propulsion efficiency while nonuniform flow conditions at the engine face lower engine surge and stall limits. Improving flow uniformity and total pressure recovery is a matter of great practical interest and is the objective of this research.
The fluid dynamics of the diffusing S-duet used in this study was reported by Valdli et al. an array of blade-type vortex generators, set to produce counter-rotating axial vortices, was used to prevent separation in the duct. Improvements in the total pressure recovery and total pressure uniformity at the duct exit wca'c reported. The use of a flow control rail device, spanning approximately half of the duct inlet circumference, was not successful in improving the duct performance. In the report of Weng and Guo4 a blade-shaped spoiler divides the inlet cross section of a diffusing mcmngulax S-dueL At small angles of attack the spoiler reduces the strength of the counter-rotating vortices observed at the duct exit. In a previous stnd_ the authors of this report explored the flow conlIol capability of arrays of low profile vortex generators, the so-ealled "wishbone" types devised by Gary Wheeler. 6 Systematic variation of the vortex generator size, spacing, and axial location within the duct demonstrawxl that improvements in total pressure recovery and reduced distortion could be obtained.
The objectives of this study were to reduce distortion and improve total pressure recovery in the diffusing S-duct using tapered-fin type vortex generators. The guiding principle in using these vortex generators was to control the development of secondary flows. This philosophy, as expressed by Anderson et al. 
Experimental Facilities and Procedures
Diffusing S-Duct
The geometry of the diffusing S-duct examined in this study is shown in Fig. 1 . This duct is geometrically similar to the duct tested in Ref. 1 and is identical to the duct studied in Refs. 2 and 5. The duct centedine is defined by two circular arcs with an identical radius of curvature, R = 102.1 cms and subtended angle of 30°. Both arcs lie within the zz-plane as shown in Fig.  1 . The cross-sectional shape of the duct _dicular to the centcrline is circular. When discussing locations within the duct, axial location will refer to distance to cross-stream planes measured along the duct centerline and normalized by the duct inlet diameter, s/D1. Position 
In Eq. (I) and Fig. 1 DI = 20.4 cms is the diameter at the duct inlet and D2 = 25.1 cms is the diameter at the duct exit. This provides an exit to inlet area ratio of A2/AI = 1.52. The offset of the duct resulting from the centefline curvature is 1.34D1, and the length of the duct measured along the centerline is 5.23D_.
Facility Flow Conditions
The tests were conducted at theNASA Lewis Research CenterusingtheInternal Fluid MechanicsFacility.Air was supplied from thetest cellto a large setfling chambercontaining honeycomb and screens and an axisymmetric conwaction havingan arearatio of 59:1. Smooth circular pipesof appropriate diameter were attached upstream and downstream of the S-duct to provide a uniform incoming flow and a smooth, continuous condition for flow exiting the duct. The lengths of the upstream and downstream pipes were each 3.75D_. After passing through the S-duct the flow was exhausted into a discharge plenum which was continuously evacuated by central exhauster facilities. The duct inlet Math number was M = 0.6for all experimental test conditions 
Measurement Techniques
The primary set of measurements consist of exit plane surveys of the mean three-dimensional velocity field and total and static pressure. These were acquired by a rake probe consisting of ten equally spaced and independently calibrated five-hole probe tips. The rake probe was traversed circumferentially and radially to acquire data at 720 uniformly spaced grid points in the (r, _b) exit plane survey grid. Grid resolution on the radial axis was Ar/D2 = 0.025 and A_b = 100 circumferentially. The exit measurement plane is located at s/D1 = 5.73 and is shown in Fig. 2 . More information on the consUuction, calibration and use of the ten probe rake can be found in the report of Wendt and Reich,ft. z°I n addition to the velocity field survey, surface static pressures inside the S-duct were recorded by 220 taps located on axiallinesat angles _ = 10°, 90°and 170°, In a sense, we are using these devices more as boundary layer turning vanes. This viewpoint differs greatly from the conventional interpretation of vortex generator fluid mechanics which attributes their usefulness to a mixing process which reenergizes the boundary layer with free-stream fluid. In this study single cross-stream arrays of vortex generators with this configuration are examined. In each case, the arrays possess mirror image symmetry with respect to the line _ = 180" (as in Fig. 4) . The axial location of all configurations was at s/Dx = 1.6 and the height of the vortex generators was h/Dx = 0.054, or slightly greater than the inlet boundary layer thickness. The total, number of vortex generators used was varied to ascextaln its effect on the flow field of the diffusing S-duct. Two lateral spacing ratios, I/D1 = 0.156 and 0.500, were also studied. Five configurations employed the narrow spacing and two configurations the wide spacing. Table 5 summarizes the vortex generator configurations tested and provides a graphical representation of each configuration.
Results and Discussion
Static and total pressure plots are presented as pressure coefficients defined by Eqs. 2 and 3. The pressures p0 and p represent the local values of total and static pressure. The reference variables, subscripted ref, were evaluated on the duct centerline at a location one-half duct diameter upstream of the S-duct inlet (s/D_ = -0.5).
PO,rel --Prey Figure 6 shows contours of the total pressure coefficient Cp0 for the bare duct and the seven different arrays of vortex generators tested. The significant distortion in total pressure in Fig. 6a results from the naturally occurring pair of counter-rotating vortices that occur in the duct flow without vortex generators. The mechanism responsible for generating these vortices was described earlier. This is the baseline result that we are attempting to improve by secondary flow control with vortex generators. For the narrow spaced vortex generator configurations, Fig. 6b-f , as the number of vortex generators increases the region of low momentmn flow is displaced towards either side of the duct in two distinct regions. With eight or more vortex generators the boundary layer is now thinnest alongthebottomsurface of theduct, at the same location where the naturally-occuring vortices were responsible for the large region of low momentum flow in the absence of vortex generators. This indicates that the secondary flow generated by the vortex generators overcome completely the natural secondary flow. For the wide spaced configurations, Fig. 6g -h, it appears that the region of low momentum flow is more evenly distributed along the duct surface when compared to the narrow spaced configurations. This should represent an improvement in total pressure distortion. Also, with vortex generators the overall levels of total pressure appear greater than the bare duct case and seem to reacha maximum for the case of four or six vortex generators (fo¢ either narrow or wide spacing), indicating greater total pressure recovery. Figure 7 shows transverse velocity vectors for the bare duct and the seven different arrays of vortex generators tested. The pair of naturally oct.-ring counterrotating vortices that occur in the flow without vortex generators is apparent in Fig. 7a . For the narrow spaced vortex generator configurations, Fig. 7b-f , as the number of vortex generators increase, the strength of the naturally occurring vortices is reduced and they are displaced outwards, away from _b = 180°. New vortices, resulting from the vortex generators, with rotation opposite of the natural vortices, appear for the cases of four or more vortex generators. The naturally occurring vortices are no longer observed when the number of vortex generators is six or greater. With ten vortex generators, the transverse velocity components are quite large and the entire exit flow field is dominated by two vortices that rotate in a direction opposite to that of the naturally occurring vortices.
The transverse velocity results are much different for the wide spaced configurations, Fig. 7g-h. For four  widely spaced vortex generators, Fig. 7g , the naturally occuring vortices are barely discernible, whereas for four narrowly spaced vortex generators, Fig. 7c , the naturally occuring vortices are easily identified. In general, the wide spaced vortex generators appear to function more independently then the narrow spaced vortex generators. In Fig. 7g-h Regarding the static press .t__ resd__ without .vortex generators, the effect of flow separation can be dearly seen. The constant values of axialstatic pressure at 2 < s/Dx < 3 for _ = 90* and 1700 are associated All vortex generator configurations result in higher levels of static pressure.Higherstatic pressure is a desirable result since the purpose of the diffuser is to decelerate the flow as efficiently as possible. The highest static pressure at the duct exit was obtained with four narrow spaced vortex generators.
The static pressure results suggest that every narrow spaced vortex generator configuration was effective at eliminating flow separation. Thisconclusion isbasedon the monotonically increasing levels of axial static pressure for ff = 900 and 170°a nd the monotonically increasing levels of circumferential static pressure for s/D1 = 2.97 and 4.01. Based on this criterion, the wide spaced vortex generator configurations do not appear to eliminate flow separation. This is most easily seen by comparing Fig. 9b and f, particularly the static pressure data at s/D1 = 2.97. In Fig. 9f the peak static pressure occurs at approximately _b= 130°and than noficably drops off towards _ = 180". In Fig. 9b the peak static pressure occurs at _b = 170" (static pressure data could not be acquired at _b= 180'). Fig. 10a shows that the extent of separation is reduced. These results confirm similar conclusions drawn earlier from static pressure results.
The strong cross flow that was observed in the transverse velocity vector plots for eight and ten vortex narrow spaced generators is revealed by the rapid divergance of lines from the line ¢ = 1800in thevisualization pattern shown in Fig. 10c-f . For two and four narrowly spaced vortex generators the flow diverges slowly, if at all. The visualization results support the idea proposed from transverse velocity vector plots that the wide spaced vortex generators operate more independendy than the narrow spaced vortex generators. Because of the wide spacing, the flow pattern developed by the wailing vortices behind the outermost vortex generators in Fig. 10h lies outside the region shown in the drawing. Table 1 contains thetotal pressure recovery and distortion descriptors for the bare duct and the seven vortex generator configurations.
For these results, the experimental data was evaluated at the probe locations of a standard 40--probe rake. The standard 40-probe rake contains five concentric rings whose radii are located at the centroid of five regions of equal area. Each ring holds eight total pressure probes, spaced at equal 45°intervals. The mean total pressure, _, isthensimplythenumerical average of the 40 values of total pressure. The distortion descriptor DC(O) is defined by Eqn. 4, where _ and are mean total and dynamic pressure, averaged over the entire rake and _(0) is the mean total pressure in the pie-shaped sector of angular extent 0 that results in the lowestvalue(hencethegreatest valueof DC(O)).
From thestandpoint of total pressure recovery, the configuration withtwo narrowspacedvortex generators produced the best results, however every vortex generator configuration tested resulted in higher total pressure than the bare duct. There was almost no difference in total pressure recovery between the wide and narrow spaced configurations that employed four vortex generators. This result is particularly interesting since the narrow spaced coniiguration eliminated separation while the wide spaced configuration aid not. 
